The purpose of this study was to calculate and validate reference standards for the 20-m shuttle run test (SR) in youths aged 10-18 years. Reference standards based on the number of completed SR laps were calculated by LMS method in a reference group of 5559 students. Cut-off values for SR laps were determined and tested by ROC curve analysis in a validation group (633 students), from which waist circumference, HDL-cholesterol, triglycerides, fasting glucose and mean arterial pressure were assessed to calculate a metabolic risk score, later dichotomized in low and high metabolic risk (HMRS). The accuracy of SR laps standards was significant for girls (AUC = 0.66; 95% CI = 0.58-0.74; p < .001) and boys (AUC = 0.71; 95% CI = 0.62-0.79; p < .001) for identifying subjects at HMRS. The 40th percentile was the best cut-off for SR laps in girls (SENS = 0.569; 1-SPEC = 0.330) and boys (SENS = 0.634; 1-SPEC = 0.266). New SR laps reference standards are able to discriminate metabolic risk levels, and may provide a valuable tool for early prevention of cardiovascular risk factors.
It is well established that lower cardiorespiratory fitness (CRF) relates to poor cardio-metabolic conditions, being also a predictor of mortality and morbidity by cardiovascular diseases (CVD) and diabetes mellitus in adults (7, 39) . In youth, CRF might have a health protective effect since it has been inversely associated with body fat (4) , features of the metabolic syndrome (8) , and arterial compliance (27) . Therefore, CRF evaluation is paramount to identify subjects at risk or monitoring adverse health outcomes (28) (29) (30) .
The best indicator for CRF is the maximal oxygen uptake (VO 2max; 34). By establishing VO 2max values to discriminate young people at high and low of cardiometabolic risk, CRF reference standards were validated (1, 23, 30) . However, the methods for direct assessment of VO 2max usually require a laboratory with sophisticated equipment, trained staff and increased costs (33) . Alternatively, VO 2max can be estimated from the performance achieved in laboratory or field tests by using validated equations (17, 20, 21, 31) . On the other hand, those equations showed bias and increased random error (33) , especially for subjects in extreme (low) performance values, potentially leading to misclassification of the CRF and metabolic risk levels. Thus, when using submaximal or field tests it would be interesting that the raw data of the performance objectively measured (i.e., power output, stage, number of shuttles or achieved distance) could be used as a reference standard to classify the CRF levels and to identify the individual's clinical metabolic risk status.
The 20-m Shuttle Run Test (SR) created by Léger et al. (21) is a widely used field test. The SR, or some adapted version of it, is part of several fitness tests batteries, like FITNESSGRAM (35) . However, reference standards for CRF expressed in SR laps developed by FITNESSGRAM were calculated by regressing VO 2max values associated to the risk of CVD or all-cause mortality in adults (7, 13) . Thus, the clinical validity of SR laps reference standards for discriminating youths with poor cardio-metabolic profiles is not known. Therefore, the purpose of the current study was to calculate population-based reference standards for SR laps in children and adolescents, and validate their clinical value in the screening of subjects with high metabolic risk.
Methods

Subjects
A total of 6192 students (3131 girls and 3031 boys) aged 10-18 years from two districts from the North of Portugal participated in this study. Participants were further divided into two groups, reference group [5559 students (2789 girls and 2770 boys)] and validation group [633 students (372 girls and 261 boys)], to calculate and validate new CRF reference standards. The study was carried out following the guidelines for Human research from the Declaration of Helsinki. The study's purpose, nature, benefits, risks and discomforts were explained to participants, parents/guardians and teachers before running the study. Informed written consent was obtained from all participants' parents/guardians. The institutional research review board approved the study.
Anthropometric Measurements
Body mass and height were measured following standard procedures (24) . Body height was measured to the nearest mm in bare or stocking feet with adolescents' standing upright against a stadiometer (Holtain Ltd.-Crymmych, Pembrokeshire, UK). Weight was measured to the nearest 0.10kg, with students lightly dressed, using an electronic weight scale (Tanita Inner Scan BC 532; Tanita CorporationTokyo, Japan). Body mass index (BMI) was calculated from the ratio of body weight (kg)/body height (m 2 ). Waist circumference (WC) was measured to the nearest mm with a metallic tape at the superior border of the iliac crest, according to a previously described protocol (36) .
Cardiovascular Disease Risk Factors
Systolic (SBP) and diastolic (DBP) blood pressures were measured using the Colin Press Mate Non-Invasive Blood Pressure Monitor (model BP 8800p; Colin Medi-cal Instruments Corporation-San Antonio, TX, USA). A trained technician took measurements. Two measurements were taken from children in seating position after five and ten minutes rest. The mean of these two measurements was used for further data analysis. Mean arterial pressure (MAP) was calculated as: MAP = [(SBP-DBP)/3]+DBP.
After 12-14 hr of fasting, capillary whole blood samples were collected from the earlobe using a 35-μl lithium heparin-coated capillary tube and immediately assayed using the Cholestech LDX Analyzer (Cholestech Corporation-Hayward, CA, USA) for determination of serum total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), triglycerides (TRIG) and fasting glucose (GLU) levels. Low-density lipoprotein cholesterol (LDL-C) was estimated by the equation: LDL-C = TC-HDL-C-(0.20 x TRIG) (15) .
A continuous metabolic risk score (MRS) was calculated from WC, HDL-C, TRIG, GLU and MAP. For each variable, standardized scores (Z-scores) were calculated according to age and sex. HDL-C Z-score was multiplied by -1 to indicate higher metabolic risk with increasing value. MRS was calculated as the average of the five standardized variables. A lower MRS was indicative of a better overall metabolic profile. MRS was later dichotomized, whereas values above mean plus 1 standard deviation for MRS were classified at high metabolic risk (HMRS). Values under this cut-off were considered at low metabolic risk (LMRS).
Cardiorespiratory Fitness
Participants performed the SR according to protocol describe by FITNESSGRAM [the adapted version of SR: the Progressive Aerobic Cardiovascular Endurance Run-PACER] (35) . Briefly, the test consists in running back and forth between two lines 20 m apart, with running speed determined by audio signals from a prerecorded music CD. The running speed increases in the end of each one-minute stage. The running speed is 8.0 km·h -1 for the first stage, 9.0 km·h -1 for the second stage and thereafter increases by 0.5 km·h -1 each minute. The test ends when subjects fails twice the audio signals to reach the lines, demonstrating inability to keep the required pace. All participants were familiar with the test, since the FITNESS-GRAM test battery is included in the Portuguese Physical Education curriculum. Total number of completed shuttles (SR laps) was recorded and considered as the main representative parameter of CRF level.
Data Analysis
Descriptive data are presented as mean and standard deviation (M± SD) and OneWay ANOVA was used to identify differences between groups.
Normative data were calculated for the reference group using the LMS method in a similar approach to that used for establishing nutritional standards for BMI (10) . The LMS method basically calculates smoothed developmental curves for parameters M (median), S (coefficient of variation) and L (Box-Cox power for skewness), for a common age units X-axis. Using penalized likelihood, each one of L, M and S curves can be fitted by polynomials as cubic splines by nonlinear regression. Having these three parameters in each age point, it is possible to calculate the number of SR laps equivalent to any percentile (9, 11, 12) . Based on these previously described procedures, normative data for SR laps by age and sex were calculated for the following percentiles: 10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th and 90th. Subjects from the validation group were classified from 0 to 9 according to the corresponding percentile in SR laps (SRrank) for age and sex references.
To determine which SR laps decile could be the best cut-off value to discriminate subjects at HMRS and LMRS, ROC curve analysis was done considering SRrank, the test variable, and HMRS/LMRS, the state variable. The area under curves (AUC) and its respective 95% confidence interval (95% CI) were observed indicating the overall ability of using SR laps deciles for targeting HMRS. For each decile, sensitivity (SENS), specificity (SPEC), 1-SPEC and efficiency (EFF) were observed to examine the accuracy of the cut-off value as a diagnostic parameter. SENS is the proportion of subjects at HMRS with less SR laps than the decile used to discriminate HMRS/LMRS (true-positives). SPEC represents the proportion of LMRS with SR laps equal or greater than the decile used to discriminate HMRS/ LMRS (true-negatives), and 1-SPEC is the proportion of LMRS smaller than the decile used to discriminate HMRS/LMRS (false-positives). EFF, calculated as EFF=(SENS+SPEC)/2, represents the overall performance of a particular cut-off value and higher values indicates higher EFF for the cut-off. The SR decile for each sex and age group with the highest EFF was established as the best cut-off.
Furthermore, logistic regression was used to describe the risk of being at HMRS for those subjects classified as low fit (under the best cut-off value) in comparison with those classified as fit (equal or above the cut-off). Results are shown in odds ratio (OR) and respective 95% confidence intervals.
All analyses were completed with LMS Chart Maker Light, version 2.3, Microsoft Excel 2007 and PASW version 18 .0, with a significance level of 0.05.
Results
Characteristics of subjects separated by sex and group are presented in Table  1 . Differences were found between reference and validation groups for height, weight, BMI and WC, with higher values for the validation group in girls. For boys, validation group had higher values for height and SR laps. Differences between sexes were found in height, weight, WC and SR laps in the reference group, with higher values for boys. In the validation group, boys had higher values than girls for height, weight, BMI and SR laps.
Validation group was classified for SR laps according to deciles calculated in the reference group. In the validation group 85.3% of subjects were classified as being in LMRS, whereas 14.7% in HMRS. ROC curve analyses indicate significant accuracy for SR laps deciles in the discrimination of subjects in LMRS and HMRS. The accuracy was significant for both girls (AUC = 0.66; 95% CI = 0.58-0.74; p < .001) and boys (AUC = 0.71; 95% CI = 0.62-0.79; p < .001). Table 2 shows the performances of different percentiles as cut-off points for SR laps for targeting HMRS. The overall rates of true-positives (SENS), true-negatives (SPEC) and false-positives (1-SPEC) were greater to the 40th percentile of SR laps, comparatively to the others, and consequently leading to a higher efficiency in both sexes. Thus, SR laps corresponding to the 40th percentile are considered the best cut-off to discriminate subjects at HMRS/LMRS. Table 3 shows the corresponding reference values (40th percentile) determined by this study and the reference values for SR laps suggested by FITNESSGRAM (35). a P < 0.05 for differences between sex within reference and validation groups;
b P < 0.001 for differences between sex within reference and validation groups; c P < 0.05 for differences between reference and validation groups within sexes;
d P < 0.001 for differences between reference and validation groups within sexes. By applying the SR laps reference standards (40th percentile in Table 3 ) in the validation group, subjects were classified as low fit (girls: 36.5%; boys: 32.5%) and fit (girls: 73.5%; boys: 67.5%). In the comparison between low fit and fit girls (Table 4) , differences were found in weight, BMI, WC, MRS and SR laps. In boys, differences were detected in BMI, WC, TC, TRIG, MRS and SR laps. In general, low fit subjects showed greater values for cardio-metabolic risk factors and poorer CRF in comparison with those classified as fit. Logistic regression indicates that low fit girls were 3.02 times (95% CI = 1.65-5.51; p < .001) more likely to be at HMRS than fit girls. Low fit boys were 4.73 times (95% CI = 2.34-9.54; p < .001) more likely to be at HRMS than those who were fit.
In a subanalysis, participants from validation group were classified according to the clinical definition of metabolic syndrome (2,18), instead of classifying subjects according to the HMRS reference (MRS > mean + 1 standard deviation). Thus, 2.7% of girls and 3.1% of boys would be diagnosed as MS positive cases. The accuracy of SR laps reference standards determined by this study for targeting 
Discussion
The relevance and strengths of the current study are to provide new standards for cardiorespiratory fitness assessed by the number of laps in the SR, and the more robust and consistent methodological approach for its determination. In the current study, which was conducted in a relative large reference population, well-established and recommended methodological approaches were followed to estimate normative data and criterion-referenced standards. These approaches were previously employed for other health outcomes, such as nutritional status (10) and cardiovascular disease biomarkers (37) . Different CRF deciles calculated from the reference group were tested in a validation group as recommended (38) , relating CRF values to the incidence of HMRS and seeking a threshold beyond risk escalates (22, 37) . The option for the deciles calculation from the reference group using the LMS method is justified by the attempt to avoid abnormal oscillations on the variation of mean, standard deviation and skewness through time (age), which is common in developmental curves originated by cross-sectional data (9, 12) . Since deciles for SR laps were calculated as a function of age for each sex group, it was thought that the LMS method would be a prudent pathway to estimate the normative values for the new standard. The parsimony of the LMS method for estimating developmental norms was already observed in the description of standards for anthropometric parameters (11) and blood pressure (19) , but not in the context of physical fitness. For the definition of critical values of SR laps to discriminate low and high metabolic risk, ROC curve analyses were carried out as recommended (37) . ROC curves give information about the general ability of a parameter as a marker of health and to certify the selection of a certain value as a critical threshold by analyzing also the levels of misclassification (1, 37) .
Previously, recommended CRF standards were determined arbitrarily by experts (6) or derived from adults VO 2max standards (7, 13, 14) . More recently, three studies have examined the clinical validation of VO 2max reference values in youth and reported cut-offs very similar to those suggested by FITNESSGRAM, 37.0 and 42.1 ml/kg/min for girls and boys, respectively (1, 23, 30) . Those values were obtained from the indirectly estimated VO 2max by using performance-based equations. Indeed, values suggested by Ruiz et al. (30) and Adegboye, et al. (1) were established from the maximal power output attained in a maximal cycle-ergometer test (17, 20) , while those proposed by Lobelo et al. (23) were extrapolated from the heart hate values obtained in a submaximal treadmill exercise test (3, 26) . Although the use of indirectly estimated VO 2max values facilitates results comparisons between studies, this widespread procedure might have some limitations. The presence of heteroscedasticity, bias and increased random error, enhances the possibility of misclassification of CRF levels (low fit vs. fit), due to the over or underestimation of VO 2max (33) . These limitations could lead to a reduction in the sensitivity of the estimated VO 2max to monitor small changes in CRF (5, 33) . On the other hand, a raw indicator of CRF, i.e., SR laps, can be used advantageously by overcoming the above-mentioned limitations. Indeed, the results of this study seems to support the assumption that performance-based indicators, such as SR laps, are of value as valid reference standards of CRF and in the discrimination of subjects in LMRS or HMRS.
While the SR standards determined in the current study were calculated and validate, FITNESSGRAM standards for SR laps were established by inverting the Léger equation (21) and calculating the number of SR laps for a corresponding VO 2max reference value, which highlight the novelty of our results. The comparison between the standards of the current study and those used by FITNESSGRAM (Table 3) indicates some differences in the cut-off values. For girls, it seems that our standards are more demanding until the age of 14 and less demanding from 15 to 18 years of age. For boys, our standards are more demanding for 10 and 11 years and less demanding from 12 to 18 years of age. The discrepancy is more prominent in girls since the differences in SR laps represent variations of one minute stage for 10, 17 and 18 years of age. From the metabolic point of view, those differences are considerable in terms of energy demand, leading to a variation from -5 to +3 ml/ kg/min of oxygen uptake, if values were converted by Léger equation, like in the FITNESSGRAM. Consequently, these divergences could lead to misclassifications in low fit/fit categories.
Although this was not the main purpose of the current study, a subanalysis was conduced to verify whether our reference standards and those suggested by FITNESSGRAM were accurate to discriminate positive cases of MS. Higher rates of true-positive (SENS) and false-positive cases (1-SPEC) were found for the standards determined by this study in comparison with those suggested by FITNESSGRAM. Differences in accuracy were more substantial for girls, where a 10% difference was found in sensibility, which is a considerable difference from a clinical point of view.
Together with previous results and despite methodological differences (1, 23, 30) , current findings support the existence of a hypothetical CRF level linked to a more favorable cardio-metabolic profile. In the comparison between low fit and fit groups (Table 4) , differences with statistical significance were observed for the metabolic risk score. However, by observing other characteristics and risk factors, differences were found in BMI, WC and SR for boys and girls, in weight for girls and TC and TRI for boys only. As mentioned in previous studies (23, 30) , differences between low fit and fit subjects are more notorious in features of overweight and body fat than to others cardio-metabolic risk factors. These results are a P < 0.05 for differences between low fit and high fit subjects within sexes in validation group; b P < 0.001 for differences between low fit and high fit subjects within sexes in validation group;
c Metabolic Risk Score expressed in z-scores adjusted for age and sex.
in agreement with previous findings showing that WC is the strongest marker of metabolic syndrome (25) . The prevalence of low fit students (35%) in the validation group is preoccupying, and similar to those found in other populations (23, 30) . In addition, low CRF levels are associated with increased risk for HMRS (23, 30) . Therefore, there is enough evidence to promote intervention programs to improve physical activity levels to enhance CRF and metabolic profiles. Although CRF variation is broadly explained by genetic factors (40) , there is a theoretical framework with substantial evidence pointing that physical activity and regular exercise also play an important role in the regulation of CRF levels (16, 32) , features of metabolic syndrome (8) and obesity (16) .
The findings from the current study should be considered together with some limitations. The sample of participants was selected by convenience and the distributions on reference and validation groups were determined by students/parents' acceptance for blood analysis, which is crucial for the description of cardiometabolic risk factors. Moreover, these findings just offer a valid indication of the current metabolic condition, being impossible to confirm future development of metabolic syndrome or cardiovascular diseases.
In terms of public health, schools have a crucial position in health surveillance policies. It guarantees the access to a majority of children and adolescents and configures a powerful setting for primary prevention for several diseases. Concerning the cardiovascular health, the procedures to access some risk factors are invasive and not suitable for screening subjects at risk among large populations. However, performance in the 20-m shuttle run test seems to be a valid tool for targeting children and adolescents at risk for obesity and metabolic syndrome. Current findings encourage the assessment of physical fitness in schools as a key component for health monitoring systems. Physical fitness field tests like the 20-m shuttle run are suitable for school environments. It allows evaluating a large number of subjects with little equipment and reduced costs in an optimized time. In addition, schools can provide opportunities to improve healthier behaviors like physical activity and adequate diet, so that obesity and cardiovascular health could be controlled.
Conclusion
The new criterion-referenced standards for SR laps are valid and seem to discriminate children and adolescents with high metabolic risk from those with healthier cardio-metabolic profiles. In addition, this study supports the clinical significance of having a high CRF from early ages. In practice, the SR together with the new reference standards constitute valid tools for monitoring cardiovascular health in youths and for targeting groups for future intervention.
